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To compare the concentrations of 11 tear mediators in order to reveal the biochemical differ-
ence between pellucid marginal degeneration (PMD) and keratoconus (KC).
Methods
We have designed a cross-sectional study in which patients with corneal ectasia based on
slit-lamp biomicroscopy and Pentacam HR (keratometry values (K1, K2, Kmax), astigma-
tism, minimal radius of curvature (Rmin), corneal thickness (Apex and Min), indices (surface
variation, vertical asymmetry, keratoconus, central keratoconus, height asymmetry and
decentration)) were enrolled. Eyes of keratoconic patients were similar to the PMD patients
in age and severity (K2, Kmax and Rmin). Non-stimulated tear samples were collected from
nine eyes of seven PMD patients, 55 eyes of 55 KC patients and 24 eyes of 24 healthy con-
trols. The mediators’ (interleukin -6, -10, chemokine ligand 5, -8, -10, matrix metalloprotei-
nase (MMP) -9, -13, tissue inhibitor of metalloproteinases (TIMP)-1, tissue plasminogen
activator, plasminogen activator inhibitor, nerve growth factor) concentrations were mea-
sured using Cytometric Bead Array.
Results
MMP-9 was the only mediator which presented relevant variances between the two patient
groups (p = 0.005). The ratios of MMP-9 and TIMP-1 were 2.45, 0.40 and 0.23 in PMD, KC
and the controls, respectively.
Conclusion
As far as we are aware, this is the first study that aims to reveal the biochemical differences
between PMD and KC. Further studies of biomarkers to investigate the precise role of these
mediators need to be defined, and it is important to confirm the observed changes in a larger
study to gain further insights into the molecular alterations in PMD.
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Introduction
Corneal ectatic disorders have considerable importance in public health [1]. They are charac-
terized by progressive deformation of the corneal architecture—including corneal thinning at
different locations—depending on the type of the ectasia. The rate of progression among the
various ectatic entities is different and is associated with an increase in the spherical compo-
nent of the refraction and irregular astigmatism with consequent deterioration of visual acuity,
furthermore also results in the inducement of significant higher-order aberrations (HOAs),
which contribute to a poorer retinal image quality, resulting in decreased visual acuity [2]. Pel-
lucid marginal degeneration (PMD) is a very rare peripheral thinning disorder of the inferior
(in atypical cases of the superior [3]) cornea, while keratoconus (KC) is the most common pri-
mary corneal ectatic disease that gives rise to a cone-shaped cornea [4–7]. It is not known
whether PMD and KC are distinct diseases or whether they represent different clinical presen-
tations of the same underlying disease process [4, 5, 8]. In early cases of PMD, the cornea may
look relatively normal and, in severe cases, PMD (end-stage ectasias with large corneal scar-
ring) may be difficult to differentiate from KC [8]. Pellucid marginal degeneration is often mis-
diagnosed and is often confused with inferior keratoconus [7–13]. PMD is usually discovered
in the later decades of life (between the second and the fifth) compared to KC [5]. It is impor-
tant to note that PMD is not associated with vascularisation and lipid or iron deposition [4, 5,
7]. The clinical significance of distinct PMD compared to KC is that the clinical continuum
and treatment modalities—including the surgical interventions for these two entities—are dif-
ferent [14–16]. The adequate therapy depends on the stage of the ectasia [8]. In the early stages
of both conditions, the management is most commonly non-surgical: KC is typically managed
with rigid-gas permeable (RGP) contact lenses, whereas early cases of PMD are typically man-
aged using spectacle lenses alone. In progressive cases, collagen cross-linking could be effective
in both disorders [17]. Intracorneal ring segment implantation is widely used in KC, but may
not be applicable in true PMD [13]. In advanced cases, both ectasias can be treated with pene-
trating or deep anterior lamellar keratoplasty, but the technical disposal is different (graft size,
position) [18, 19]. Furthermore, crescentic wedge resection in PMD can also be a treatment [8,
19].
All histopathological studies of PMD and KC have noted the absence of inflammatory cells,
and corneal ectatic disorders are generally believed to be non-inflammatory diseases with a
multivariable origin [5, 8]. However, a recent review by Galvis and colleagues [20] has sug-
gested that ectatic disorders are partly inflammatory conditions.
Biomarkers in the tear film have been studied in more depth in patients with KC but no
studies have been reported for PMD. Studies have shown that the degradation of stromal colla-
gen in KC is accompanied by the altered expression of cytokines, matrix metalloproteinases
(MMPs; MMP-1, -3, -7,- 9, -13) with their inhibitors (tissue inhibitor of metalloproteinases-1
(TIMP-1)) and growth factors (epidermal growth factor (EGF), vascular endothelial growth
factor (VEGF) as well as nerve growth factor (NGF)) [21–27]. In tears, altered levels of inter-
feron (IFN)-γ, interleukin (IL)-4, IL-5, IL-6, IL-8 (chemokine (C-X-C motif) ligand (CXCL)8/
IL-8), IL-10, IL-12, IL-13, chemokine (C-C motif) ligand 5 (CCL5; regulated on activation, nor-
mal T cell expressed and secreted (RANTES)), tumor necrosis factor (TNF)-α and NGF have
been described as possible participants in the disrupted corneal homeostasis [23, 24, 26–29].
“However, it is not decided whether the alterations in the cytokine concentrations in the cornea
or in tears of KC patients are the cause of the disease or an effect”[30].
To the best of our knowledge tear film components isolated from the tears of patients with
PMD have not been investigated. Therefore our aim was to determine and to compare the con-
centrations of various mediators (IL-6, -10, CCL5/RANTES, CXCL8/IL-8, chemokine (C-X-C
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motif) ligand (CXCL10)/interferon-gamma-inducible protein 10 (IP-10), MMP-9, -13, TIMP-
1, tissue plasminogen activator (t-PA), plasminogen activator inhibitor (PAI-1) and NGF) in
the tear film of patients with PMD and KC in order to reveal any possible biochemical differ-
ences between these two entities.
Patients and Methods
Subjects and clinical examinations
Patients with primary corneal ectasia and normal subjects were enrolled in a cross-sectional
study. PMD patients with classic slit-lamp signs of PMD (an inferior, narrow band of corneal
thinning separated from the limbus by a relatively uninvolved area 1–2 mm in width, and a
protruding cornea above the area of thinning, associated with a flat vertical meridian and a
sharp change in curvature or shape at or immediately above the band of thinning) were
included. We have used the anterior and posterior elevation maps, anterior topography,
Scheimpflug images (in 360-degree accurate examination mode) (Fig 1), indices and a full
pachymetric map to make sure that these patients were separated from keratoconic patients, as
suggested [12, 13]. We did not involve any atypical (superior) type of PMD. Non-stimulated
tear samples (chemical and mechanical stimuli were not used; and care were taken to minimize
ocular surface contact) were collected from nine eyes of seven PMD patients and 55 eyes of 55
KC patients. The criteria for diagnosing KC were defined as one or a combination of the fol-
lowing clinical signs: central or paracentral stromal thinning of the cornea, conical protrusion,
Fleischer’s ring, Vogt’s striae by slit-lamp examination, as well as topographic changes [31].
We used rotating Scheimpflug tomography (Pentacam HR, Oculus Optikgeräte GmbH,
Fig 1. Scheimpflug images of a mild and a severe case of PMD. Arrows show the thinnest part of the
cornea.
doi:10.1371/journal.pone.0153186.g001
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Wetzlar, Germany) for the precise diagnosis of corneal ectasias. Only eyes with a 12 mm-wide
measurement were included in the study with the recommended settings (that means: „limit
map to 9.0 mm” setting was turned off in all cases) [32]. We do not include the fellow eye of
the PMD patients without a definitive diagnosis of corneal ectasia. Because of the rarity of
PMD, in the instance of this ectasia, both eyes of the patients were used if they met the afore-
mentioned inclusion criteria. The exclusion criteria were: active inflammatory or infective sys-
temic or ocular disease, current treatment with systemic or local drugs, use of eye drops,
previous ocular surgery, abnormality in the lens or retina on biomicroscopic examination,
chemical injury or delayed epithelial healing and pregnancy or lactation. Patients with allergic
symptoms and patients with ocular allergic signs on slit-lamp biomicroscopy were excluded
from the study. We took a detailed case history of every patient, and asymptomatic asthmatic
disease and asymptomatic allergic dermatic disorders were recorded. Contact lens wearing was
discontinued at least two weeks before the measurements and tear sample collection. Twenty-
four randomly selected right or left eyes of 24 healthy controls were also enrolled on this study.
Controls and KC patients were recruited after recruitment into the PMD group was complete.
Controls were included if they were at least 29 years of age and willing to participate. The age
limit was used to ensure an overlap between the groups in terms of age, without setting it so
high as to render recruitment into the KC group prohibitively difficult; 29 years was judged to
be a sensible cut-off. KC patients were included if they met these same two criteria, plus at least
one of three additional criteria on the similarity of severity parameters. These were: the sub-
ject's K2 (Holladay equivalent keratometry value in the steep meridian) to be within the PMD
group's mean K2 ± 0.2 D; Kmax (maximal keratometry of the front surface), within PMD
mean Kmax ± 0.8 D; and Rmin (minimal radius of curvature), within PMDmean Rmin ± 0.1
mm. The recruitment procedure was run exhaustively on all of the potential controls and the
KC patients who were available for us to contact. Following the tenets of the Declaration of
Helsinki, written informed consent was signed by all the participants prior to enrolment. This
study was approved by the Institutional Ethics Committee of the University of Debrecen.
All eyes received a complete ophthalmological evaluation, including corrected visual acu-
ity measurements and slit-lamp biomicroscopy. Subsequently, three images were captured in
all the study eyes with the high-resolution version of the Pentacam device (Pentacam HR,
software version 1.17r139; Oculus Optikgeräte GmbH, Wetzlar, Germany) using Scheimp-
flug imaging. The imaging procedure was subsequently repeated in cases where any captur-
ing error occurred (blinking, lack of data, etc.). The following data were exported to
Microsoft Excel (Microsoft Corp, Redmond, Washington): Holladay equivalent keratometry
values in the flat meridian (K1), K2, Kmax, corneal astigmatism, corneal thickness at the
apex (Pachy Apex) and at the thinnest point of the cornea (Pachy Min), Rmin, index of sur-
face variation (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), central ker-
atoconus index (CKI), index of height asymmetry (IHA) and index of height decentration
(IHD).
Tear collection and analysis
After the assessment of the anterior ocular status of each patient, non-traumatic tear collection
was carried out in the morning between 8.00 a.m. and 9.30 a.m. with capillary tubes from the
inferior meniscus, without topical anesthesia, for two minutes. The tear volume was calculated
and registered accordingly [33]. All the collected tear volumes were over 4 μl. The samples
were frozen at –80°C without centrifugation within 15 min following collection. A microparti-
cle-based flow Cytometric Bead Array (CBA) technology allowing the quantification of multi-
ple proteins in small individual tear samples was used in the study.
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The concentrations of IL-6, IL-10, CCL5 (RANTES), CXCL8 (IL-8), CXCL10 (IP-10),
MMP-9, MMP-13, TIMP-1, NGF, tPA and PAI-1 were measured by the CBA method. Com-
bined FlowCytomix™ Simplex Kits were used with the appropriate FlowCytomix Basic Kit with
minor modifications of the manufacturer’s instructions (eBioscience, Bender MedSystems
GmbH, Vienna, Austria), as described Kolozsvári et al. [34]. We had applied additional dilu-
tions as an extension of the recommended standard serial dilution steps. The titration curves
had been computed and drawn by the help of the fluorescence intensities in the function of the
dilution/concentration. The last dilution step/point (and the corresponding concentration and
fluorescence intensity) before the linear part of the standard curve started to deviate into the
horizontal plateau of the threshold value (corresponding also to the 0 pg/ml concentration)
was used as the 'detection limit' or sensitivity of that measurement. The detection limits were,
for IL-6: 1.2 pg/ml, IL-10: 1.9 pg/ml, CCL5/RANTES: 25 pg/ml, CXCL8/IL-8: 0.5 pg/ml,
CXCL10/IP-10: 6.0 pg/ml, MMP-9: 95 pg/ml, MMP-13: 50 pg/ml, TIMP-1: 28 pg/ml, t-PA: 4.8
pg/ml, PAI-1: 13.5 pg/ml and NGF: 126.8 pg/ml.
Statistical methods
Only one eye per patient in the keratoconus and normal groups was analyzed to avoid bias due
to inter-eye correlations. Conversely, both eyes of the PMD patients were analyzed (Figs 2 and
3) due to the rarity of this corneal ectasia. Statistical methods appropriate for the presence of
eyes nested within subjects were used. The variables were described in terms of means and SD
on their native scales.
PMD patients' tear film mediator concentrations were plotted against mean K values, and
Pearson's correlation coefficients were calculated, to evaluate the relationship between such
pairs of variables (Fig 4).
Multilevel mixed-effects linear regression was used to compare the patient groups in terms
of mediator concentrations and keratometric readings obtained from a Scheimpflug camera
(K1, K2, Kmax (front), Astigmatism, Pachy Apex, Pachy Min, Rmin, KI, CKI, IHA, ISV, IVA,
IHD). Models were fitted separately for each outcome. The statistical package applied was Stata
version 11. The significance criterion was set at α = 0.05.
Results
The values of the parameters measured with Pentacam in the patient groups and the control
group (PMD group: mean age: 46.4 years, range 36–59 years; KC group: mean age: 44.2 years,
range 29–61 years; control group: mean age: 44.5 years, range: 29–67 years) and the differences
between the groups are shown in Tables 1 and 2. We enrolled the eyes of keratoconic patients
who were similar to the PMD patients not only in age but also in severity (K2, Kmax and
Rmin), which explains the absence of significant differences not only in K2, Kmax and Rmin
but also in Pachy Apex, Pachy Min, KI, IHA, ISV and IVA.
The concentrations of the mediators in the tear film of patients in the different patient
groups and the differences between the groups are shown in Tables 3 and 4. MMP-9 was the
only mediator that significantly differed between the two ectatic patient groups (p = 0.005).
There was no evidence of a relationship between mediator concentrations and mean K values
(Fig 2).
Although we could not establish relevant differences because of the high standard devia-
tions, the anti-inflammatory cytokine IL-10 was 14-times lower in PMD than in the controls,
and seven-times lower than in KC. In addition, CCL5, which is chemotactic for T cells,
eosinophils and basophils, and which plays an active role in recruiting leukocytes into inflam-
matory sites, was the highest in PMD compared to the two other groups. In line with this,
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TIMP-1, one of the most important MMP-inhibitors, was the lowest in PMD as compared to
KC and the controls. The ratios of MMP-9 and TIMP-1 were 2.45, 0.40 and 0.23 in PMD, KC
and the controls, respectively. In contrast with these findings, MMP-13 and tPA were the low-
est in the PMD group.
Discussion
To the best of our knowledge, this is the first study that has aimed to reveal the biochemical dif-
ferences between PMD and KC. Most of the ectatic corneal disorder cases are KC, and although
Fig 2. Corneal pachymetry plots of the 9 PMD eyes (from the mildest to the advanced cases).
doi:10.1371/journal.pone.0153186.g002
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PMD is far rarer it is no less important [11]. PMD and KC differ relevantly in terms of progno-
sis and management, and distinguishing between these two conditions is of potential clinical
importance [8, 13, 15, 35]. If biomarkers in the tear film can help in differentiating between the
two entities, this non-invasive procedure could be advocated in the diagnostic tree. There are
reports suggesting that PMD, KC and keratoglobus may belong on a spectrum of the same
pathophysiology rather than separate disease processes [36, 37], but based on our preliminary
results it seems that PMD and KC are distinct diseases and might not be the phenotypic varia-
tions of the same disorder.
In moderate cases, PMD can be distinguished from KC by slit-lamp biomicroscopic exami-
nation due to the classic location of the region of corneal thinning [7]. Although elevation-
Fig 3. Corneal topographical maps of the 9 PMD eyes (in similar order than in Fig 2).
doi:10.1371/journal.pone.0153186.g003
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based Scheimpflug imaging shows the hallmarks of classic PMD, and an accurate diagnosis
could be made with images of the peripheral cornea and PMD could be clearly identified and
separated from KC, there are no specific or universally accepted topographic criteria for cate-
gorizing an eye as having PMD [35].
In this study we evaluated the concentration of different mediators in tear samples. MMPs
are secreted in response to cytokines and growth factors, and elevated levels of MMP-9 in the
tear fluid of PMD and KC patients indicate a tissue-degenerative process contributing to the
thinning of the cornea. MMP-9 was the only mediator which significantly differed between
PMD and KC (p = 0.005). Our preliminary examination (data not presented) has shown that
the concentration of MMP-9 in the tears of keratoconic patients did not alter significantly with
age. The more elevated MMP-9 in the tear fluid of PMD patients compared to KC patients
might suggest a basic difference in the underlying pathological tissue-degradative processes.
Elevated levels of MMP-1, -3, -7, -9 and -13 have been found in the tears of patients with KC
[24, 27, 28]. The ocular surface inflammation is activated by proteases, including MMP-9 [38,
39], and based on our study it may help to differentiate between keratoconus and pellucid mar-
ginal degeneration. MMPs and cytokines interact with each other by forming a complex net-
work, including the stimulation of MMP-9 and MMP-13 by IL-6 [27]. Strongly expressed
MMP-13 was reported in KC suggesting a role in intra- and extracellular pathological collagen
destruction [40]. In contrast with this finding, we found a significantly lower MMP-13
Fig 4. Scatter plots of mediator concentrations against the average of the parameters K1 and K2 (r: Pearson's correlation coefficient).
doi:10.1371/journal.pone.0153186.g004
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concentration (p = 0.004) in the tears of patients with both disorders. Although the difference
was not statistically significant, patients with PMD had the lowest MMP-13 concentration,
which should be further investigated because of the complexity of the cascade of the degenera-
tive processes. The active form of t-PA converts plasminogen to plasmin, which can also
degrade several components of the extracellular matrix and trigger the activation of the MMP
pathway. MMPs and PAs in turn are partially regulated by TIMPs and PAIs, inhibiting this
cascade system and therefore influencing the progression of ectatic corneal diseases. In earlier
studies, non-specific, slightly elevated t-PAs were detected in KC, reflecting the different cor-
neal healing processes, but until now there have been no studies examining this protein in
PMD [34, 41]. The PAI-1 gene can be induced by several growth factors and cytokines, and it
can inhibit the activity of t-PA enzymes. Interestingly, in our study, the t-PA concentration
was significantly lower in PMD compared to the controls while the PAI-1 concentrations were
the same in the three groups, which suggests that other enzymes might play a more important
role in the underlying molecular mechanism, and probably that the actual enzyme activities
influence the final-effect impact on tissue degradation in ectatic corneal disorders. TIMPs are
Table 1. Mean±1SD values of the parameters measured with Pentacam in patients with pellucid marginal degeneration, keratoconus and in
healthy controls.
PMD (9 eyes of 7 patients) KC (55 eyes of 55 patients) Control (24 eyes of 24 participants)
K1 F (D) 42.4±5.6 45.6±4.0 43.4±1.4
K2 F (D) 49.1±4.0 49.3±4.1 44.3±1.6
Kmax 55.2±7.2 54.4±5.4 44.8±1.6
Astigmatism (D) 6.7±2.9 3.7±1.9 0.9±0.6
Rmin (mm) 6.2±0.8 6.3±0.6 7.6±0.3
Pachy Apex (μm) 502±47 486±49 551±32
Pachy Min (μm) 489±45 468±51 545±33
ISV 97.9±45.6 80.8±31.3 15.1±4.4
IVA 1.04±0.51 0.86±0.42 0.11±0.04
KI 1.24±0.23 1.21±0.12 1.02±0.02
CKI 1.01±0.34 1.04±0.04 1.00±0.01
IHA 17.8±11.5 23.3±19.7 3.8±2.4
IHD 0.12±0.08 0.08±0.05 0.01±0.00
Patient groups: PMD = pellucid marginal degeneration; KC = keratoconus. Pentacam parameters: Holladay equivalent keratometry values in the ﬂat (K1)
and steep (K2) meridian, maximal keratometry of the front surface (Kmax), minimal radius of curvature (Rmin), corneal thickness at the apex (Pachy
Apex), at the thinnest point of the cornea (Pachy Min), index of surface variation (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), central
keratoconus Index (CKI), index of height asymmetry (IHA), index of height decentration (IHD).
doi:10.1371/journal.pone.0153186.t001
Table 2. Differences between the parameters measured with Pentacam among the patient groups.
K1 Astigmatism K2, Kmax, Rmin, Pachy Apex, Pachy Min, ISV, IVA, KI CKI IHD IHA
PMD v. Control p = 0.312 p<0.0001 p<0.0048 p = 0.834 p<0.0001 p = 0.0465
KC v. Control p = 0.01 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001
PMD v. KC p = 0.006 p<0.0001 p0.0814 p = 0.004 p = 0.038 p = 0.224
Patient groups: PMD = pellucid marginal degeneration; KC = keratoconus. Pentacam parameters: Holladay equivalent keratometry values in the ﬂat (K1)
and steep (K2) meridian, maximal keratometry of the front surface (Kmax), minimal radius of curvature (Rmin), corneal thickness at the apex (Pachy
Apex), at the thinnest point of the cornea (Pachy Min), index of surface variation (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), central
keratoconus Index (CKI), index of height asymmetry (IHA), index of height decentration (IHD) (bold values represent signiﬁcant associations).
doi:10.1371/journal.pone.0153186.t002
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natural inhibitors of the different MMPs, and there have been various studies presenting con-
flicting reports on the expression of TIMP-1 in keratoconic corneas [25, 27, 42, 43]. In our
study, TIMP-1 (one of the most important MMP inhibitors) was the lowest in PMD as com-
pared to KC and the controls, and this reduced activity might have an impact on tissue degra-
dation. Evaluating the balance between MMP-9 and TIMP-1, the ratios of MMP-9 and TIMP-
1 were 2.45, 0.40 and 0.23 in PMD, KC and the control groups, respectively, indicating a more
pronounced tissue degradation in PMD than in KC. Future studies may be needed to confirm
the active interplay between MMPs and TIMPs as well as ILs, especially IL-10.
KC is defined as a non-inflammatory disease of the cornea, but an increasing number of
studies have shown the role of the over-expression of several cytokines [26, 27]; therefore, clas-
sifying the disease as ‘non-inflammatory’may now be inappropriate [20, 25–27, 44]. In con-
trast with these previous findings based on younger keratoconic patients, in our study IL-6 in
the tears of ectatic patients and in the controls did not differ significantly [24, 26–28, 44]. Addi-
tionally, elevated levels were detected in inflammatory ocular surface diseases as well as in kera-
toconus [27, 45], and CXCL8, which is the predominant chemoattractant in the tear fluid, was
significantly lower both in PMD and KC than in the controls in our study. We could detect
that CCL5, which is chemotactic for T cells, eosinophils and basophils, and which plays an
active role in recruiting leukocytes into inflammatory sites, was highest in PMD as compared
to the two other groups. Our finding that in both corneal ectasias the concentrations of CCL5
Table 3. Mean±1SD concentrations of the mediators in the tear film of patients.
PMD (9 eyes of 7 patients) KC (55 eyes of 55 patients) Control (24 eyes of 24 participants)
IL-6 (pg/ml) 213±251.2 160.2±265.7 217.1±172.2
IL-10 (pg/ml) 43.06±129.2 280.3±832.8 625.1±708.2
CCL5/RANTES (pg/ml) 636.5±731.2 412.5±542.1 218.8±194.1
CXCL8/IL-8 (pg/ml) 1719±905.8 2231±2857 4026±2681
CXCL10/IP-10 96.9±72.4 91.9±87.3 124.7±123.3
MMP-9 (ng/ml) 170.8±294.7 51.3±131.9 36.7±61.5
MMP-13 (ng/ml) 0.371±1.1 36.6±88.0 96.7±77.1
TIMP-1 (ng/ml) 69.7±174 127.1±251.7 160.9±164.6
tPA (pg/ml) 960±1023 4066±8545 7304±5737
PAI-1 (ng/ml) 2.21±2.3 2.08±2.6 2.16±2.1
NGF (pg/ml) 4603±2823 4523±4266 3160±2584
Patient groups: PMD = pellucid marginal degeneration; KC = keratoconus. Mediators: interleukin (IL)-6, IL-10, chemokine (C-C motif) ligand 5 (CCL5)/
regulated and normal T cell expressed and secreted (RANTES), chemokine (C-X-C motif) ligand (CXCL)8/IL-8, CXCL10/ interferon-gamma-inducible
protein 10 (IP-10), matrix metalloproteinase (MMP)-9, MMP-13, tissue inhibitor of metalloproteinases-1 (TIMP-1), tissue plasminogen activator (t-PA),
plasminogen activator inhibitor (PAI-1) and nerve growth factor (NGF).
doi:10.1371/journal.pone.0153186.t003
Table 4. Differences between the concentrations of the mediators in the tear film of patients among the patient groups.
IL-8 MMP-9 MMP-13 t-PA
PMD v. Control p = 0.031 p = 0.004 p = 0.004 p = 0.031
KC v. Control p = 0.011 p = 0.655 p = 0.004 p = 0.094
PMD v. KC p = 0.479 p = 0.005 p = 0.198 p = 0.226
Patient groups: PMD = pellucid marginal degeneration; KC = keratoconus. Mediators: interleukin (IL)-8/chemokine (C-X-C motif) ligand (CXCL)8, matrix
metalloproteinase (MMP)-9, MMP-13, tissue plasminogen activator (t-PA) (bold values represent signiﬁcant associations).
doi:10.1371/journal.pone.0153186.t004
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are higher than normal are in contrast with Jun et al. [26]. Additional studies are needed to fur-
ther validate the role of IL-6, CXCL8 and CCL5 in the pathomechanism of corneal ectasias and
in tissue damage in PMD and KC. The anti-inflammatory cytokine, IL-10, was 14-times lower
in PMD than in the controls and seven-times lower than in KC. The lower concentration of the
anti-inflammatory cytokine IL-10 in the tear fluid of PMD patients compared with keratoconic
patients and with the controls in the current study supports the assumption that cytokines and
chemokines play an important role in the pathomechanism of KC. IP-10/CXCL10 is a fibrotic
and angiostatic chemokine produced by macrophages, endothelial cells and fibroblasts [46],
and it did not show significant differences between our patient groups. Our observation sup-
ports the fact that the cornea in KC is avascular and that scarrring occurs only in the severe
stage, which was presented in our cohort in just 11%. It has been suggested that the impairment
of corneal innervation has a role in the pathogenesis of KC, and a significant reduction in NGF
expression has been detected in KC corneas as part of an imbalance in the NGF signaling path-
way [47, 48]. Our results are in contrast with the previous findings because we could not estab-
lish differences in the concentration of NGF between the patient groups; nor were we able to
find any correlation between the severity of KC and NGF [49].
The limitations of our study are the small number of patients with PMD and the fact that
only older patients (mean ages over 44 years) were included. However, because of the rarity of
pellucid marginal degeneration, the nine eyes with PMD involved in this study are a propor-
tional representation of our around four hundred ectatic patient population. The cause of the
older patient age is that the manifestations of PMD are evident at a later age, and we wanted to
involve true PMD cases in this study. From this point of view, we could have compared PMD
patients with KC cases of an older age, when keratoconus is less progressive. It also would have
been desirable to involve the early stages of PMD among younger people in the investigation,
because of the possible progression of the disease which can be accompanied with alterations
in the mediator levels. Furthermore, a limitation of this study is that it cannot exclude the pos-
sibility of other mediators being involved in the pathomechanism of PMD nor the identifica-
tion of the source and activity of the mediators (including MMP-9) and the expression of the
different receptors. Although it has been demonstrated that mediators reveal the biochemical
differences between pellucid marginal degeneration and keratoconus, it is unclear which pro-
teins can be used to distinguish the non-progressive form of corneal ectasia from the progres-
sive type (where early treatment would be very important).
Tear samples are an essential tool to understand the molecular mechanism behind corneal
ectasias, and the multiplex platform is ideally suited for the detection of biomarkers from the
small volumes of tear samples. It remains to be determined in further studies which of these
mediators are critical in differentiating between these two entities.
Our results show for the first time the significant differences in the levels of MMP-9 in tear
samples between these two ectatic corneal disorders. Although the morphological difference
between the two diseases has already been reported by several previous studies [4, 5, 11, 15],
this is the first high-throughput research demonstrating the differences in the levels of several
proteins, including cytokines and enzymes (with inhibitors), in tear samples.
Further studies with a larger sample might be required to validate these preliminary findings
and to demonstrate the importance of MMP-9. Cytokines, chemokines and enzymes are
important in regulating wound healing, apoptosis, cell cycling and migration processes under
physiological or pathological conditions. It is assumed that the biomarkers from this complex
network and examined in our study and others may be responsible for disease progression.
In summary, this study reveals several mediators being altered in the tears of PMD and KC
patients, and these alterations may have an impact on the differences between these ectatic
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diseases. Additionally, research is required to further elucidate the differences and the impor-
tance of mediators in the pathomechanism of PMD and KC.
Author Contributions
Conceived and designed the experiments: BLK ACS MF. Performed the experiments: DP BLK
BU PGMF. Analyzed the data: DP PGMF. Contributed reagents/materials/analysis tools: AB
ZH PG. Wrote the paper: DP ACS MF.
References
1. Rebenitsch RL, Kymes SM, Walline JJ, Gordon MO. The lifetime economic burden of keratoconus: a
decision analysis using a markov model. Am J Ophthalmol. 2011; 151: 768–773. doi: 10.1016/j.ajo.
2010.10.034 PMID: 21310384
2. Jinabhai A, O'Donnell C, Radhakrishnan H. Changes in refraction, ocular aberrations, and corneal
structure after suspending rigid gas-permeable contact lens wear in keratoconus. Cornea. 2012; 31:
500–508. doi: 10.1097/ICO.0b013e31820f777b PMID: 22314817
3. Rao SK, Fogla R, Padmanabhan P, Sitalakshmi G. Corneal topography in atypical pellucid marginal
degeneration. Cornea. 1999; 18: 265–272. PMID: 10336026
4. Krachmer JH. Pellucid marginal corneal degeneration. Arch Ophthalmol. 1978; 96: 1217–1221. PMID:
352310
5. Krachmer JH, Eagle RC, Belin MW. Keratoconus and related non-inflammatory corneal thinning disor-
ders. Surv Ophthalmol. 1984; 28: 293–322. PMID: 6230745
6. Maguire LJ, Klyce SD, McDonald MB, Kaufman HE. Corneal topography of pellucid marginal degenera-
tion. Ophthalmology. 1987; 94: 519–524. PMID: 3601367
7. Rabinowitz YS. Keratoconus. Surv Ophthalmol. 1998; 42: 297–319. PMID: 9493273
8. Jinabhai A, Radhakrishnan H, O'Donnell C. Pellucid corneal marginal degeneration: A review. Cont
Lens Anterior Eye. 2011; 34: 56–63. doi: 10.1016/j.clae.2010.11.007 PMID: 21185225
9. Karabatsas CH, Cook SD. Topographic analysis in pellucid marginal corneal degeneration and kerato-
globus. Eye (Lond). 1996; 10: 451–455.
10. Schmitt-Bernard CF, Lesage C, Arnaud B. Keratectasia induced by laser in situ keratomileusis in kera-
toconus. J Refract Surg. 2000; 16: 368–370. PMID: 10832988
11. Ambrósio JR, Klyce SD, Smolek MK, Wilson SE. Pellucid marginal corneal degeneration. J Refract
Surg. 2002; 18: 86–88. PMID: 11828914
12. Walker RN, Khachikian SS, Belin MW. Scheimpflug photographic diagnosis of pellucid marginal degen-
eration. Cornea. 2008; 27: 963–966. doi: 10.1097/ICO.0b013e318170ae98 PMID: 18724166
13. Belin MW, Asota IM, Ambrosio R Jr, Khachikian SS. What's in a name: keratoconus, pellucid marginal
degeneration, and related thinning disorders. Am J Ophthalmol. 2011; 152: 157–162. doi: 10.1016/j.
ajo.2011.03.028 PMID: 21708379
14. Rasheed K, Rabinowitz YS. Surgical treatment of advanced pellucid marginal degeneration. Ophthal-
mology. 2000; 107: 1836–1840. PMID: 11013182
15. Sridhar MS, Mahesh S, Bansal AK, Nutheti R, Rao GN. Pellucid marginal corneal degeneration. Oph-
thalmology. 2004; 111: 1102–1107. PMID: 15177959
16. Belin MW, Khachikian SS, Ambrosio R Jr. The use of intracorneal rings for pellucid marginal degenera-
tion. Am J Ophthalmol. 2011; 151: 558–559. doi: 10.1016/j.ajo.2010.10.037 PMID: 21335111
17. Alhayek A, Lu PR. Corneal collagen crosslinking in keratoconus and other eye disease. Int J Ophthal-
mol. 2015; 8: 407–418. doi: 10.3980/j.issn.2222-3959.2015.02.35 PMID: 25938065
18. Moshirfar M, Edmonds JN, Behunin NL, Christiansen SM. Current options in the management of pellu-
cid marginal degeneration. J Refract Surg. 2014; 30: 474–485. doi: 10.3928/1081597X-20140429-02
PMID: 24816208
19. Maharana PK, Dubey A, Jhanji V, Sharma N, Das S, Vajpayee RB. Management of advanced corneal
ectasias. Br J Ophthalmol. 2016; 100: 34–40. doi: 10.1136/bjophthalmol-2015-307059 PMID:
26294106
20. Galvis V, Sherwin T, Tello A, Merayo J, Barrera R, Acera A. Keratoconus: an inflammatory disorder?
Eye (Lond). 2015; 29: 843–859.
21. Collier SA. Is the corneal degradation in keratoconus caused by matrix-metalloproteinases? Clin Exp
Ophthalmol. 2001; 29: 340–344.
Tear Mediators in Corneal Ectatic Disorders
PLOS ONE | DOI:10.1371/journal.pone.0153186 April 13, 2016 12 / 14
22. Saghizadeh M, ChwaM, Aoki A, Lin B, Pirouzmanesh A, Brown DJ, et al. Altered Expression of Growth
Factors and Cytokines in Keratoconus, Bullous Keratopathy and Diabetic Corneas. Exp Eye Res.
2001; 73: 179–189. PMID: 11446768
23. Lema I, Durán AJ, Ruiz C, Díez-Feijoo E, Acera A, Merayo J. Inflammatory response to contact lenses
in patients with keratoconus compared with myopic subjects. Cornea. 2008; 27: 758–763. doi: 10.
1097/ICO.0b013e31816a3591 PMID: 18650659
24. Lema I, Sobrino T, Durán JA, Brea D, Díez-Feijoo E. Subclinical keratoconus and inflammatory mole-
cules from tears. Br J Ophthalmol. 2009; 93: 820–824. doi: 10.1136/bjo.2008.144253 PMID: 19304583
25. Pannebaker C, Chandler HL, Nichols JJ. Tear proteomics in keratoconus. Mol Vis. 2010; 16: 1949–
1957. PMID: 21031023
26. Jun AS, Cope L, Speck C, Feng X, Lee S, Meng H, et al. Subnormal cytokine profile in the tear fluid of
keratoconus patients. PLoS One, 2011; 6: e16437. doi: 10.1371/journal.pone.0016437 PMID:
21298010
27. Balasubramanian SA, Mohan S, Pye DC, Willcox MD. Proteases, proteolysis and inflammatory mole-
cules in the tears of people with keratoconus. Acta Ophthalmol. 2012; 90: e303–e309. doi: 10.1111/j.
1755-3768.2011.02369.x PMID: 22413749
28. Lema I, Durán JA. Inflammatory molecules in the tears of patients with keratoconus. Ophthalmology.
2005; 112: 654–659. PMID: 15808258
29. Liu Q, McDermott AM, Miller WL. Elevated nerve growth factor in dry eye associated with established
contact lens wear. Eye Contact Lens. 2009; 35: 232–237. doi: 10.1097/ICL.0b013e3181b3e87f PMID:
19672199
30. Wisse RP, Kuiper JJ, Gans R, Imhof S, Radstake TR, van der Lelij A. Cytokine Expression in Keratoco-
nus and its Corneal Microenvironment: A Systematic Review. Ocul Surf. 2015; 13: 272–283. doi: 10.
1016/j.jtos.2015.04.006 PMID: 26235733
31. Rabinowitz YS. Videokeratographic indices to aid in screening for keratoconus. J Refract Surg. 1995;
11: 371–379. PMID: 8528916
32. Belin MW, Khachikian SS, Ambrósio R Jr. Elevation based corneal tomography. 2nd ed. Jaypee—
Highlights Medical Publishers, Inc; 2012.
33. Fodor M, Gogolák P, Rajnavölgyi É, Berta A, Kardos L, Módis L, et al. Long-term kinetics of cytokine
responses in human tears after penetrating keratoplasty. J Interferon Cytokine Res. 2009; 29: 375–
380. doi: 10.1089/jir.2008.0116 PMID: 19450148
34. Kolozsvári BL, Berta A, Petrovski G, Miháltz K, Gogolák P, Rajnavölgyi É, et al. Alterations of tear medi-
ators in patients with keratoconus after corneal crosslinking associate with corneal changes. PLoS
One. 2013; 8: e76333. doi: 10.1371/journal.pone.0076333 PMID: 24124547
35. Tummanapalli SS, Maseedupally V, Mandathara P, Rathi VM, Sangwan VS. Evaluation of corneal ele-
vation and thickness indices in pellucid marginal degeneration and keratoconus. J Cataract Refract
Surg. 2013; 39: 56–65. doi: 10.1016/j.jcrs.2012.08.053 PMID: 23107832
36. Kayazawa F, Nishimura K, Kodama Y, Tsuji T, Itoi M. Keratoconus with pellucid marginal corneal
degeneration. Arch Ophthalmol. 1984; 102: 895–896. PMID: 6610406
37. Ambrósio R Jr, Klyce SD, Wilson SE. Corneal topographic and pachymetric screening of keratorefrac-
tive patients. J Refract Surg. 2003; 19: 24–29. PMID: 12553601
38. Sakimoto T, SawaM. Metalloproteinases in corneal diseases: degradation and processing. Cornea.
2012; 31: S50–S56. doi: 10.1097/ICO.0b013e318269ccd0 PMID: 23038036
39. Acera A, Vecino E, Duran JA. Tear MMP-9 levels as a marker of ocular surface inflammation in con-
junctivochalasis. Invest Ophthalmol Vis Sci. 2013; 54: 8285–8291. doi: 10.1167/iovs.13-12235 PMID:
24255042
40. Mackiewicz Z, Määttä M, Stenman M, Konttinen L, Tervo T, Konttinen YT. Collagenolytic proteinases in
keratoconus. Cornea. 2006; 25: 603–610. PMID: 16783151
41. Zhou L, Sawaguchi S, Twining SS, Sugar J, Feder RS, Yue BY. Expression of degradative enzymes
and protease inhibitors in corneas with keratoconus. Invest Ophthalmol Vis Sci. 1998; 39: 1117–1124.
PMID: 9620070
42. Kenney MC, ChwaM, Atilano SR, Tran A, Carballo M, Saghizadeh M, et al. Increased levels of catalase
and catepsin V/L2 but decreased TIMP-1 in keratoconus corneas: Evidence that oxidative stress plays
a role in this disorder. Invest Ophthalmol Vis Sci. 2005; 46: 823–832. PMID: 15728537
43. Matthews FJ, Cook SD, Majid MA, Dick AD, Smith VA. Changes in the ballance of matrix metalloprotei-
nases (TIMPs)-1 and -3 may promote keratocyte apoptosis in keratoconus. Exp Eye Res. 2007; 84:
1125–1134. PMID: 17449031
Tear Mediators in Corneal Ectatic Disorders
PLOS ONE | DOI:10.1371/journal.pone.0153186 April 13, 2016 13 / 14
44. Sorkhabi R, Ghorbanihaghjo A, Taheri N, Ahoor MH. Tear film inflammatory mediators in patients with
keratoconus. Int Ophthalmol. 2015; 35: 467–472. doi: 10.1007/s10792-014-9971-3 PMID: 25062709
45. Fodor M, Kolozsvári BL, Petrovski G, Kettesy BA, Gogolák P, Rajnavölgyi É, et al. Effect of contact lens
wear on the release of tear mediators in keratoconus. Eye Contact Lens. 2013; 39: 147–152. doi: 10.
1097/ICL.0b013e318273b35f PMID: 23411991
46. Cao X, Ursea R, Shen D, Ramkumar HL, Chan CC. Hypocellular scar formation or aberrant fibrosis
induced by an intrastromal corneal ring: a case report. J Med Case Rep. 2011; 5: 398. doi: 10.1186/
1752-1947-5-398 PMID: 21854565
47. Brookes NH, Loh IP, Clover GM, Poole CA, Sherwin T. Involvement of corneal nerves in the progres-
sion of keratoconus. Exp Eye Res. 2003; 77: 515–524. PMID: 12957150
48. Lambiase A, Merlo D, Mollinari C, Bonini P, Rinaldi AM, D' Amato M, et al. Molecular basis for keratoco-
nus: lack of TrkA expression and its transcriptional repression by Sp3. Proc Natl Acad Sci U S A. 2005;
102: 16795–16800. PMID: 16275928
49. Kolozsvári BL, Petrovski G, Gogolák P, Rajnavölgyi É, Tóth F, Berta A, et al. Association between
mediators in the tear fluid and the severity of keratoconus. Ophthalmic Res. 2014; 51: 46–51. doi: 10.
1159/000351626 PMID: 24247644
Tear Mediators in Corneal Ectatic Disorders
PLOS ONE | DOI:10.1371/journal.pone.0153186 April 13, 2016 14 / 14
